ABSTRACT. Principal component analysis (PCA) and cluster analysis (CA) were applied to classify 20 natural amino acids. We selected 18 characteristics, properties available from literature, as a basis for the classification. The correlations between these characteristics and their classification were investigated, as well as the classification of the amino acids. The results are presented as score plots of the first 3 principal components and as dendrograms obtained by clustering analysis. The resulting classification is consistent with the chemical behavior of amino acids and their mutual substitution possibilities in peptides and proteins.
INTRODUCTION
Amino acids, as building blocks for peptides and proteins were intensively studied and their importance in human nutrition and in animal feed, in food industry, pharmaceutical and cosmetics industries, as chelating agents, etc. The standard 20 amino acids, implied in the formation of peptides and proteins a Babeş-Bolyai University, Faculty of Chemistry and Chemical Engineering, 11 Arany Janos str., , Cluj-Napoca, Romania * Corresponding author: rpasca@chem.ubbcluj.ro (proteinogenic amino acids) are enumerated here, together with their 3-letter and 1-letter symbols: glycine (Gly, G); alanine (Ala, A); phenylalanine (Phe, F); valine (Val, V); leucine (Leu, L); isoleucine (Ile, I); aspartic acid (Asp, D); glutamic acid (Glu, Q); asparagine (Asn, N); glutamine (Gln, E); serine (Ser, S); threonine (Thr, T); tyrosine (Tyr, Y); cysteine (Cys. C); methionine (Met, M); lysine (Lys, K); arginine (Arg, R); proline (Pro, P); histidine (His, H); tryptophan (Trp, W).
There are many possibilities to classify amino acids, according to the criteria selected to this aim. Based on their chemical structure [1] we can distinguish monoamino carboxylic acids (Gly, Ala, Val, Leu, Ile, Phe), monoamino dicarboxylic acids and their amides (Asp, Asn, Glu, Gln), hydroxyl amino acids (Ser, Thr, Tyr), thioamino acids (Cys, Met), diamino carboxylic acids and derivatives (Lys, Arg), heterocyclic amino acids (Pro, His, Trp). A classification based on structure and physical and chemical properties [2] groups the amino acids in: acidic (Asp, Glu), basic (Lys, Arg, His), aromatic (Tyr, Trp, Phe), S containing (Cys, Met), uncharged, hydrophilic (Ser, Thr, Asn, Gln), inactive hydrophobic (Gly, Ala, Val, Leu, Ile), special structure (Pro). The same amino acid can be assigned to more different classification groups based on the property considered [3] In view of the overlapping between the different classes, a Venn diagram showing the classification is helpful (Fig. 1 ) [4] [5] [6] This tries to group the amino acids according to their nature (aliphatic, aromatic), to the size of the molecules (small, tiny), to the hydrophobicity and in relation to their polarity (polar, chargedpositive or negative).
Since the role of amino acids in the formation of proteins is of prime importance, a classification was proposed according to the interchangeability of different amino acids in the structure of a protein, without interfering with this structure [7] . The diagram in Figure 2 is a graphical representation of this substitutability. Amino acids connected in the diagram can be replaced with 95 % -probability. Marked with red are the solvent-exposed amino acids, with green -those located inside the protein molecule, according to their solvent exposed area (SEA) Possible substitutions of amino acids (according to [7] ); amino acids bounded by lines have a substitution probability of 95%.
Red: solvent exposed area (SEA) > 30 Å 2 ; green: SEA < 10 Å 2 ).
Here we propose a multivariate data analysis [8] [9] [10] [11] [12] [13] [14] of the amino acids, by principal components analysis (PCA) and cluster analysis (CA). PCA helps to reduce the number of variables necessary to describe a system, by maintaining the maximum possible information. Using the new variables as coordinates, "similarity maps" can be drawn for the analyzed system. In CA the (dis)similarity between elements is measured as "distances" between points in the space defined by the variables. The elements are then grouped in classes (clusters) by different clustering methods.
THEORETICAL METHODS
The objects of the classification were the 20 proteinogenic amino acids, enumerated above. As variables (descriptors, characteristics) 18 properties were chosen, as follows: [3, 15, 16] , corresponding to the first dissociation step (carboxylic group). pK 1 and the second dissociation (ammonium group), pK 2 . Only seven amino acids present also a third dissociation constant, pK 3 , due to a supplementary group (side chain), which was not considered in the PCA, but used in the calculation of the isoelectric point.  Isoelectric point (pI), the pH where the molecules have no net electrical charge (zwitterions), and present a minimum solubility in water. The value can be calculated as the mean of the pK values corresponding to the equilibria which include the uncharged species.
Some descriptors for the elementary composition of the molecules were used:
 Number of carbon atoms (NC), a measure of the length of the carbon chain, and so related to the hydrophobicity of the molecule  Number of hydrogen atoms (NH)  Number of nitrogen atoms (NN), a measure of the number of basic functions  Number of oxygen atoms (NO), a measure of the number of acid groups  Number of sulphur atoms (NS)
Chou-Fasman Parameters for predicting the secondary structures in proteins [17, 18]  P(α) -the probability for helix conformations (PA);  P(β) -the probability for β-strands conformations (PB);  P(t) -the probability for turns (PT) Thermodynamic data  Standard enthalpy of formation, H 298 0 (HF) [19] . For 4 amino acids (Phe, Trp, Gln, Arg) no values were found. Therefore, we calculated theoretical values for all aminoacids (except Cys and Met to avoid the complications related to the parametrization for S atoms), on the restricted Hartree-Fock level, by the semi empirical SCF-MO method PM3 [20] , using the Hyper Chem 7.5 Software [21] . The molecular geometries for the zwitterionic forms were optimized by the Polak-Ribiere (conjugate gradient) algorithm. Between experimental (exp) and calculated (calc) values the following linear correlation was found:
This correlation was used to estimate the H 298 0 values for the 4 amino acids, where experimental values were not available.
 Standard state accessibility (AS), is defined as the average surface area of the residue X in a tripeptide Gly-X-Gly [22, 23] .
 Average accessible surface area in proteins (AA)  Solubility in water (SO) at 25 o C [15, 24]  Hydrophobicity index (HP) [3, 25] . There are many different hydrophobicity scales, 46 scales were evaluated [26] and a PCA analysis was made on 40 scales [27] . One of the most used is the KD-scale [28] , whose values very similar values with those used here. High positive values denote a strong hydrophobicity, while hydrophilic amino acids present negative values. In proteins, hydrophobic amino acids will be more probably located inside, while hydrophilic ones will be rather in contact with the aqueous environment.
 Melting points (MP) [29] for amino acids are quite high, an evidence for their zwitterionic character. They are a measure for the intermolecular interactions in solid state and for their stability. Some amino acids are decomposed before melting, for them we used the decomposition temperature.
The values used for the 20 amino acids are given in Table 1 . All calculations were executed using the Statistica software package on the data matrix (20 objects, 18 variables). After the scaling of variables (to a mean of 0 and a variance of 1), PCA and CA procedures were applied, both for the classification of properties and of amino acids. Table 2 . Table of correlations for the properties of the amino acids (significant correlations at P = 0.95 are bolded)
RESULTS AND DISCUSSION
The covariance matrix, identical with the correlation matrix, since data were normalized, is given in Table 2 . It confirms that the properties are correlated, and the number of variables can be reduced by PCA.
The eigenvalues (EV) and eigenvectors corresponding to each principal component were calculated. In Table 3 , the EV for the first 6 principal components (PC) are given, together with the loadings of the characteristics associated with each PC. The contribution of each PC is given as % from the total variance of the system. The first three PC cumulate about 66% from the total variance, and the first 6 PC over 88%. In Table 3 , the values representing the maximum contribution of each property to a PC are bolded. 
Classification of properties
Some characteristics with the largest contribution in PC1 are the number of H and C atoms, the AS surface and the molar mass, which are strongly correlated as shown in Table 2 . Altogether there are 7 properties with maximum contribution in PC1. In PC2 there are 5 such properties, the most important being hydrophobicity (HP) and accessible surface area (AA), also strongly correlated (negatively). The other PC, 3 to 6, contain each only one or two properties with large contributions. In PC3 there are the number of O atoms (NO) and the enthalpy of formation (HF), also strongly correlated ( Table 2) : amino acids with more O atoms have actually lower H 298 0 values, with Asp and Glu the most stable (Table 1) .
Such correlations can be visualized by 2-or 3-D loading plots; as an example, the scatter plot for the first two PC is given in Figure 2 . Here related properties are represented by nearby points. But negatively correlated properties appear quite far from one another. The results of cluster analysis can be presented as dendrograms, grouping the different properties in clusters. In Figure 4 is given such a diagram, obtained by the Complete Linkage method, using Euclidean distances
Classification of amino acids
In order to apply PCA for the classification of amino acids, we use the scores of each amino acid calculated for the first (more important) PCs. Here the first 3 PCs cumulate 66% of the total variance of data. Therefore, by reducing the number of 18 characteristics (natural variables) to 3 variables (the first 3 PCs) we retain enough information to characterize the system in 2D-representations (in the planes defined by PC1 and PC2, PC1 and PC3 or PC2and PC3) an 3D-representation (in the space of PC1, PC2 and PC3). As an example, in Figure 5 the representation in the PC1-PC2 plane is given. Some groupings of amino acids are highlighted in the figure. The similarities between amino acids can also be followed on the dendrogram ( Figure 6 ) obtained in CA, using the same Complete Linkage method, with Euclidean distances, as for the properties. The strongest related amino acids according to CA are leucine (L) and isoleucine (I), isomers with very similar properties. In the dendrogram they are joined by valine (V), methionine (M), and alanine (A). They all are aliphatic hydrophobic amino acids. Another cluster, more loosely connected, contains phenylalanine (F), tryptophan (W), tyrosine (Y), and histidine (H) -all aromatic amino acids, mostly hydrophobic, but also partially hydrophilic, particularly H. These two clusters are then connected (Fig. 6) , giving a cluster of mostly hydrophobic amino acids.
Lysine (K) and arginine (R) form a cluster of basic amino acids, positively charged in proteins at physiological pH, histidine, also basic, is near to them in Fig. 5 . The two acidic amino acids, negatively charged in proteins: aspartic acid (D), and glutamic acid (E), are also united in a cluster (Fig. 6) . Asparagine (N) and serine (S) give a cluster with glutamine (Q), and threonin (T): they are neutral in proteins, but contain polar groups and show hydrophilic properties. Quite loosely interconnected are glycine (G), proline (P), and cysteine (C) -small molecules, rather dissimilar to other amino acids It is worth noting that though the characteristics used in classification were mostly of physical and stoichiometrical nature, the resulted classification follows quite well the chemical properties and the character of amino acids. It is also interesting to compare the clustering results with the possibilities of mutual interchange of amino acids in proteins [7] (Fig. 2) . We find there the same group L, I, M, V as in CA, as well the group F, Y, W, or the group K, R. The other possibilities of substitution in Fig.2 are also quite well reflected in PCA and CA.
CONCLUSIONS
The use of the methods of multivariate analysis applied for the standard 20 proteinogenic amino acids, based on literature data for 18 structural and physico-chemical characteristics, resulted in a classification able to predict the chemical behavior of these compounds. It demonstrates the possibilities of principal component analysis and cluster analysis in the description of different classes of chemical compounds.
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